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Formation of discrete periodic nanolayered coatings 
through tailoring of nanointerfaces—Toward  
zero macroscale wear
Mahdi Khadem1,2, Oleksiy V. Penkov3, Jibi Jais4, Su-Min Bae5, Vishnu Shankar Dhandapani6, 
Bongchul Kang4, Dae-Eun Kim1,2*

Notwithstanding the success of nanolayered coatings in the reduction of wear at nano-/microscales, the improvement 
of the wear resistance at the macroscale remains an issue. Moreover, the effects of nanointerfaces in nanolayered 
coatings on their macrotribological properties are not understood well. This paper reports on the engineering of 
nanointerfaces in diamond-like C/Cr nanolayered coatings to tailor their characteristics including the degree of 
intermixing, defects, and Cr growth mode. The result was the fabrication of a coating with subnanometer-thick 
periodic albeit discrete Cr interlayers. This was achieved using our patented deposition technique. This coating 
contained less interfacial defects compared to classic nanolayered coatings with continuous nanolayers and 
presented record-breaking wear rates at the macroscale. Finite Element analysis was performed and micropatterning 
strategy was used to reduce the wear rate further. Last, we report on discovery of a dimensionless parameter that 
can be used to predict the wear resistance of carbon-based nanolayered coatings.

INTRODUCTION
The loss sustained by industries because of the degradation in 
efficiency associated with friction and wear phenomena accounts 
for 23% of the world’s total energy consumption (1, 2). In three 
major sectors of energy, transportation, and residential, the energy 
required to compensate wear-related failures are 24, 33, and 12% of 
the total energy consumed, respectively (1). These alarming statistics 
persuaded researchers and scientists to actively identify effective 
strategies to reduce friction and wear. By date, application of 
lubricants and surface modification techniques has been introduced 
as the potential solutions. Among the surface modification techniques, 
the deposition of functional multilayer coatings and surface 
patterning have been demonstrated to be highly effective (3, 4). The 
capability to manipulate compressive residual stress, shear strength, 
crack propagation, and elasticity through strategic stacking of coating 
layers in a multilayer coating is particularly effective for reducing 
friction and wear (5, 6).

Key parameters including the order and thickness of individual 
layers and properties of the material used for individual layers 
[e.g., hardness (H), elastic modulus (E), chemical compatibility, etc.] 
should be considered while designing a multilayer functional coating 
for tribological applications (5). While selecting the materials, three 
essential criteria must be satisfied: First, the selected materials 
should be capable of maintaining an amorphous state during depo-
sition. An amorphous state is desirable because such structures 
exhibit higher elasticity compared with their polycrystalline coun-
terparts. Essentially, the concept is to absorb the contact energy 
through an elastic rather than plastic process during the sliding test 

(6). Second, the intermixing of the materials should be limited. 
Otherwise, a layered structure with distinct boundaries cannot be 
formed. Last, the materials should inherently display low friction 
and wear properties.

Although the abovementioned criteria are acknowledged by 
researchers, there is another criterion that its effect on determining 
the friction and wear properties of nanolayered coatings has been 
undermined by date: the effect of nanointerfaces including growth 
mode of the nanolayers during deposition, interfacial defects, 
and the degree of intermixing. In general, the coatings grow epitax-
ially according to three primary modes (7): Volmer-Weber [VW; 
three-dimensional (3D) island growth], Stranski-Krastanov (SK; 
layer plus island growth), and Frank–van der Merwe (FM; 2D 
layer-by-layer growth). The properties of the coatings (particularly 
in the case of nanolayered coatings with many interfaces) can be 
altered markedly because each of these growth modes has unique 
characteristics at the atomic level. Growth in the VW mode results 
in a higher degree of crystallinity and large crystal size. This, in turn, 
results in defective rough interfaces in nanolayered coatings (8, 9). 
On the other hand, in the FM growth mode, the 2D nuclei that are 
formed subsequently coalesce on atomically flat terraces because of 
the high supersaturation of the film precursors (10). SK growth is 
an intermediate mode that can be characterized by both 2D layer 
and 3D island growths. In this mode, the system of uniform 
thickness is thermodynamically unstable, resulting in inhomogeneous 
regions, some very thick and some completely uncovered.

FM growth is the most desirable growth mode because of the 
feasibility of atomic-scale control of the layer thickness and interfacial 
structure (10). This results in the formation of dense and atomically 
smooth interfaces with the minimum intermixing and structural 
defects (8, 11, 12). This is particularly desirable in the coatings for 
optical applications in which the formation of smooth and low 
defective interfaces is critical (13). With regard to the mechanical 
properties, amorphous coatings grown in the FM mode exhibited a 
higher elastic response (H/E ratio) than those of coatings grown in 
the SK or VW mode (14,  15). In sputtering, FM growth can be 
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achieved at low deposition pressure and temperature (10,  14). 
However, it is difficult to maintain the FM coating growth because 
this mode is exceptionally sensitive to the physical properties that 
are linked to the deposition parameters. Previous studies have 
reported that the growth mode may switch by manipulating the 
deposition power and therefore the corresponding changes in 
deposition rate, kinetic energy of the adatoms, and even tempera-
ture at atomic level (16–18). An increase in the deposition pressure 
during sputtering resulted in a transition of the growth mode from 
FM to SK and VW (14, 15). In addition, a transition from FM to SK 
may occur at a critical thickness during coating deposition (19–21). 
This discussion implies that transition of the growth mode during 
the deposition of nanolayered coatings can markedly alter the 
nanostructural, mechanical, and therefore tribological characteristics. 
Hence, coating materials that preferably grow according to FM 
mode must be selected to construct periodic nanolayered coatings 
for tribological applications.

In a recent study (3), the effects of nanoscale interfaces (inter-
mixing) on the friction and wear properties of C/SiN nanolayered 
coatings at the nano-/microscales under low load (range of 
millinewton) were investigated. It was observed that by tuning the 
energy of the arriving C atoms/ions, the intermixing properties 
could be tailored, and thereby, the tribological properties could be 
altered significantly. However, the effects of interfacial defects and 
changes in the growth mode associated with the tuning of the 
energy of carbon ions/atoms on the friction and wear properties 
remain undiscussed. Moreover, the effects of nanoscale interfaces 
on macroscale wear remains unclear. Last, it should also be noted 
that despite significant advances in the reduction of wear at the 
nano- and microscales, overcoming of wear at the macroscale 
remains a challenging task.

The discussed criteria in materials selection for the fabrication of 
a nanolayered structure narrows down the number of candidates. 
Diamond-like carbon (DLC) is one of the potential candidates with 
attractive mechanical and tribological properties that satisfy the 
requirements and is used in a majority of multilayer functional 
coatings. A shortcoming of DLC is the high level of internal stress. 
This limits the coating thickness and, thereby, may exert negative 
effects on the wear properties (5). Low adhesion to metal substrates 
is another shortcoming of DLC. To overcome these shortcomings, 
many researchers have used metallic interlayers in combination 
with DLC (5,  22). The interlayers have an important role in the 
stress release mechanism and in decreasing the stress discontinuity 
at the interface between adjacent layers (23). Cr is used frequently in 
carbon-based systems either as a sublayer (strong adhesion to steel 
materials) or an interlayer (because it displays zero or low intermixing 
with carbon) (24). According to a previous study, Cr can potentially 
grow in FM mode when combined with carbon (25). This enables 
the formation of atomically thick, continuous Cr layers in a DLC 
medium, which is essential for the design of nanolayered coatings as 
discussed earlier.

Considering the mechanisms and advantages explained above, 
DLC and Cr were selected to construct the nanolayered coatings in 
this study. The coatings were deposited onto high-speed steel (HSS) 
substrates. The interfacial properties including the degree of inter-
mixing at nanoscale interfaces and growth mode of Cr nanolayers 
were tailored to investigate their effects on the friction properties 
and wear resistance and to optimize the coatings with regard to 
these parameters. This was achieved using our patented deposition 

technique, as follows (26): DLC and Cr nanolayers were sequentially 
deposited at the fixed times of 100 and 4 s, respectively. The deposi-
tion power remained constant for DLC, whereas the Cr deposition 
power (magnetron power) was varied from 20 to 150 W (20, 40, 80, 
120, and 150). Variation of the thickness of metallic nanolayers 
using our method has particular advantages. The degree of crystal-
linity in metallic nanolayers (in this case, Cr) is lower and the cluster 
sizes are smaller than those of DLC/metallic-based nanolayered 
coatings prepared by other methods (27, 28). For clarity, the speci-
mens were denoted as Cr150, Cr120, Cr80, Cr40, and Cr20 based on 
their respective Cr deposition powers. A coating composed of a Cr 
sublayer and DLC layer (henceforth denoted as DLC coating) was 
also prepared for comparison.

Our comprehensive analysis revealed that manipulation of the 
deposition power of Cr nanolayers substantially affects the degree 
of DLC/Cr intermixing, nature and quantity of the interfacial 
defects, and the growth mode of Cr nanolayers. The transition of 
growth mode exerted a significant effect on the macrotribological 
properties. By engineering the nanointerfaces, a new class of 
nanolayered coatings for tribological applications in which the 
nanostructure is periodic but the nanolayers are discontinuous 
(discrete) was fabricated. This coating not only showed all the 
features of those of classic nanolayered coatings (in which the 
nanolayers are continuous) but also contained less interfacial defects 
because of the discrete form of the Cr nanolayers. According to our 
benchmarks, despite having a lower thickness, the coating displayed 
a lower coefficient of friction (COF) and a record-breaking wear 
rate at the macroscale. Our observations implied that an additional 
criterion, which is growth of coating materials according to early 
stages of FM mode, must be considered and added to those of 
conventional criteria to construct nanolayered coatings for macro-
tribological applications. We also report the identification of a 
dimensionless parameter that can be used to explain and predict the 
macroscale wear behavior of the carbon-based nanolayered coatings. 
Finite Element (FE) simulations were performed to analytically 
investigate the state of the induced stresses in the substrate before 
and after deposition of the coatings upon contact and sliding. Last, 
to further reduce the wear rate of the coating with the highest wear 
resistance, surface micropatterning strategy along with lubrica-
tion was used. A comprehensive model to describe and predict the 
macroscale wear in this scenario based on those of acknowledged 
governing mechanisms was proposed.

RESULTS
Tailoring of the nanointerfaces: Growth mode 
and intermixing
Figure  1  (A  to  D) shows high-resolution transmission electron 
microscopy (HR-TEM) images and 3D-rendered schematics of 
morphology of the nanointerfaces of Cr40, Cr80, Cr120, and Cr150 
coatings, respectively (Cr20 coating is discussed separately in 
Fig. 2). The thicknesses of the Cr sublayer and individual DLC 
layers were fixed at approximately 60 and 5 nm, respectively, and 
were uniform for all the coatings. The resulting overall thickness of 
the coatings based on the deposition conditions was ~520 ± 30 nm. 
Magnified HR-TEM images revealed the significant effects of the Cr 
deposition power on the DLC/Cr nanointerfaces and growth mode 
of Cr nanolayers. The DLC nanolayers displayed and maintained a 
fully amorphous nanostructure. In the case of Cr40, the Cr 
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Fig. 1. The effects of Cr deposition power on the nanostructure and intermixing. High-resolution transmission electron microscopy (HR-TEM) images of the deposited 
nanolayered coatings and 3D schematics of the morphology of individual Cr-DLC nanointerfaces: (A) Cr40, 2D lateral growth (FM mode) of Cr nanolayers on DLC along 
the arrowed white line. (B) Cr80, transition of growth mode from FM to SK (2D + 3D island). Certain islands are marked with pink circles. A few of the wavy and rough 
interfaces are specified with blue dashed lines. (C) Cr120, the islands continue to grow and coalesce in the SK mode. A higher degree of intermixing occurs. Cr begins to 
crystallize. The intermixed layers and nanocrystalline phases are specified with red dashed lines and green circles, respectively. (D) Cr150, crystallization of Cr continues. 
A few of the nanocrystalline phases are circled by green dashed lines. (E) Line energy-dispersive spectroscopy (EDS) analysis of the Cr120 coating. (F) X-ray diffraction 
(XRD) analysis (2, 30° to 90°) of the nanolayered coatings. Features that were detected at 41°, 56°, 64° and 80° are marked with *. a.u., arbitrary units. (G) LAXRD analysis 
(2, 0° to 7°) of the nanolayered coatings. The surface coverage area is denoted by Ɵ.
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nanolayers showed a tendency to grow laterally (in plane; 2D) and 
follow the amorphous nanostructure of the underlying DLC layer. 
Moreover, the nanointerfaces were highly smooth. These charac-
teristics are representative of growth in the FM mode. The contrast 
between individual DLC and Cr nanolayers was low because of the 
low density and thickness of the Cr nanolayers. The low contrast 
can also be attributed to a certain degree of intermixing. Owing to 
these phenomena, an accurate measurement of the thickness of Cr 
nanolayers was not possible. An increase in the Cr deposition power 
from 40 to 80  W resulted in an evident transition in the growth 
mode of individual Cr nanolayers from FM to SK. The islands started 
to form as the thickness of the Cr nanolayers exceeded a critical 
limit of ~1.1 nm. At this stage, the growth occurred mainly through 
the nucleation and coalescence of adsorbate islands. The contrast 
between DLC and Cr nanolayers was observed to be higher than 
that for Cr40. The formation of random Cr islands within the inter-
mixed phase resulted in rough and wavy nanointerfaces (this matter 
is discussed further in a subsequent section) wherein the thickness 

of Cr nanolayers was nonuniform (~1 to ~1.8 nm including the 
intermixed phase). The islands continued to grow in the SK mode 
as the Cr deposition power increased from 80 to 120 W. More Cr 
islands started to form within the intermixed phase and more 
coalescence took place. The nonuniformity in the thickness of indi-
vidual Cr nanolayers persisted (~1.5 to ~2.6 nm including the inter-
mixed phase). The contrast between the DLC and Cr nanolayers 
and the level of intermixing at the interfaces increased. A closer 
inspection of the Cr nanolayers in this coating revealed the presence 
of nanocrystals enveloped in the surrounding amorphous phase. 
The contrast between the DLC and Cr continued to increase as the 
Cr deposition power increased to 150 W. Individual DLC and Cr 
layers were distinctly visible in Cr150 coating. A definite boundary 
between Cr and the intermixed layers was recognizable. The thickness 
of the individual Cr layers became more uniform as more islands 
coalescence (Cr, ~2.5 to ~2.9 nm; intermixed layer, ~0.7 to ~1.4 nm). 
The quantity and size of the nanocrystalline phases increased 
compared to Cr120 coating and was in the range of ~1.1 to ~1.6 nm. 

Fig. 2. Analysis of nanointerfaces and Cr growth mode in Cr20 coating. HR-TEM images of Cr20 coating with Cr deposited for (A) 4 s and (B) 10 s. A 2D lateral growth 
(FM mode) of Cr nanolayers on DLC can be observed along the arrowed white line. The 3D-rendered schematics show the state and morphology of the individual Cr-DLC 
nanointerfaces at different stages of Cr growth in the FM mode. (C and D) AR-XPS analysis for Cr20 coating (take-off angle, 0° to 70°; step, 10°). Variations in the intensity 
of C1s and Cr2p peaks with respect to the take-off angle. (E) The atomic % of C showed a decrease as the take-off angle varied from 0° to 70°. Meanwhile, the atomic % of 
Cr increased, indicating the presence of atomically thin discrete Cr nanolayers in the DLC medium. The surface coverage area is denoted by Ɵ.
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The degree of intermixing at the interfaces of the DLC and Cr 
nanolayers was observed to be higher than that for the other 
nanolayered coatings.

Figure 1E presents the energy-dispersive spectroscopy (EDS) 
analysis of the Cr120 coating extracted from a section of the 
nanolayered region. Alternation of C and Cr is evident. This verifies 
the periodic presence of the elements as intended. Figure  1F 
presents the x-ray diffraction (XRD) patterns of the coatings. The 
diffractograms of the Cr150, Cr120, and Cr80 coatings show broad 
features at 2 ~41°, which indicate the amorphous characteristic of 
the intermixed regions (28). In the case of the Cr150 coating, addi-
tional less-intense features are observed at 2 ~56° and 64°. The first 
two peaks at 41° and 56° can be attributed to a metastable phase of 
chromium carbide (CrCx) with NaCl structure that can be observed 
in sputtered Cr-C coatings (29, 30). The other weak feature in this 
coating at 2 ~64° can be assigned to the Cr (200) plane (31). This 
feature was also detected for Cr120 coating. The intensity of the 
peaks decreased, and the latter features disappeared as the Cr depo-
sition power decreased from 150 to 80 W. All the abovementioned 
features disappeared when the power was reduced to 40 W. Rather, 
a very weak feature at 2 ~80° was detected (28). Overall, the broad 
and weak features of the diffractograms imply that the nanostructure 
of the coatings was mainly amorphous with marginal metastable 
CrCx intermixed phases (with the exception of the Cr20 coating, 
which was fully amorphous and did not show any feature). These 
results imply that as the Cr deposition power increased from 40 to 
150 W, the extent of intermixing that contained amorphous meta-
stable chromium carbide phases increased. The data agree with our 
observations from HR-TEM imaging.

Low-angle XRD (LAXRD) was used to investigate the effects of 
the Cr deposition power on nanoscale interfaces more comprehen-
sively (Fig. 1G). Distinct periodic peaks were observed from 0° to 7° 
in the case of the Cr80, Cr120, and Cr150 coatings. The relative 
intensity of the peaks decreased significantly in the case of the Cr40 
coating. The data imply that the contrast between the C and Cr 
nanolayers and the density of the Cr nanolayers decreased as the Cr 
deposition power (and thereby, its thickness) decreased. A direct 
relationship between the density and thickness of Cr nanolayers has 
been reported in a previous research as well (25). These conclusions 
can be verified by the HR-TEM analysis also, as discussed earlier. In 
the case of the Cr20 coating, the peaks are almost completely 
flattened. This indicates the presence of discrete Cr nanolayers in 
the DLC medium. These analyses verified that the characteristics of 
nanoscale interfaces, such as the growth mode and the degree of 
intermixing during the deposition of nanolayered coatings, can be 
tailored effectively using our deposition method.

Figure 2A presents the HR-TEM image of the Cr20 coating and 
the proposed 3D schematic of the nanointerfaces. A fully amorphous 
nanostructure is observed in which the individual Cr nanolayers in 
the DLC medium are not clearly distinguishable. A closer ob-
servation of the HR-TEM images reveals the presence of periodic 
albeit discrete Cr nanolayers in the DLC medium. The growth 
occurred in the lateral direction (in plane; 2D). To verify this con-
clusion, the deposition time of Cr nanolayers was increased from 
4 to 10 s (will be denoted as Cr20-10s henceforth), whereas the 
other deposition conditions remained unaltered. The discrete Cr 
nanolayers became clearly visible (Fig. 2B). The outlook of the 
proposed 3D schematics of the morphology of individual Cr-DLC 
nanointerfaces resembles the characteristics of the early stages of 

growth (Ɵ < 1 for Cr20 and Ɵ ≈ 1 for Cr20-10s) according to the 
FM mechanism (11).

Angle-resolved x-ray photoelectron spectroscopy (AR-XPS) was 
used to estimate the thickness of discrete Cr nanolayers in the 
Cr20 coating. To access a DLC-Cr interface, the topmost DLC layer 
(~5 nm) was removed by ion-etching. The ion-etching and XPS 
measurements were performed simultaneously in vacuum to avoid 
oxidation. Figure  2  (C  and  D) presents the variations in C1s and 
Cr2p peaks with respect to the take-off angles. As can be seen, the 
intensity of C1s peak decreased, while the intensity of Cr2p continued 
to increase as the take-off angle varied from 0° to 70°. The corre-
sponding variations in the atomic % of C and Cr with respect to the 
take-off angle is presented in Fig. 2E. As is evident, the atomic % of 
C decreased as the take-off angle varied from 0° to 70°. Meanwhile, 
the atomic % of continued to increase. The above phenomena are 
assignable to the fact that the depth of data acquisition decreases as 
the take-off angle increases. These results imply that at least one 
monolayer that is composed of Cr adatoms/ions (<0.2 nm) was 
present at the nanointerfaces in a discrete form (as continuous Cr 
nanolayers were not observed in HR-TEM images).

Determination of chemical and nanostructural properties
Figure 3A shows the Raman spectra of the coatings in the range of 
500 to 2000 cm−1 (refer to texts S1 and S2 for details regarding the 
topography, Raman, and XPS analysis of DLC coating). Two 
distinct peaks are visible in the Raman spectrum of all the coatings. 
The smaller peak (centered at ~700  cm−1) is considered to be a 
result of vibrational density of states of sp2 and/or sp2-sp3 hybrids in 
amorphous carbon (32). A few researchers have assigned this peak 
to the in-plane rotation of sixfold carbon rings (L mode) that corre-
sponds to the phonon density of states of graphite (33, 34). However, 
the first interpretation is more probable because the peak does not 
display substantial modifications even when the excitation wavelength 
is varied (32, 35, 36).

A closer inspection of the overall Raman spectra reveals that by 
increasing the Cr deposition power: (i) the intensity of both peaks 
decreases. This phenomenon can be attributed to the fact that the 
weight percentage (wt %) of C to Cr in the coating decreases as the 
Cr deposition power increases, and (ii) the larger peak tends to 
widen and shift toward higher wavelengths (refer to the pink dashed 
line in Fig. 3A as the reference line). The Gaussian deconvolution of 
the larger peak revealed the presence of three subpeaks in all the 
coatings, known as I, D, and G peaks. According to the previous 
studies, the first subpeak (denoted as I and centered at ~1105 
to ~1134 cm−1) can be assigned to either trans-polyacetylene [a strong 
chain (C2H2)n wherein carbon adopts the sp2 configuration], C═C 
stretching and CH wagging modes, or the C─C sp3 stretching vibra-
tion in amorphous carbon phase (37–40). It is known that Raman 
cannot be used as a direct method to characterize/quantify the sp3 
bonds. Moreover, the variations in the intensity of this peak with 
respect to the laser excitation energy are not in compliance with the 
characteristics of sp3 sites (38).Therefore, it is less likely that this 
peak originates from the stretching vibration of sp3 bonds. It should 
be noted that hydrogen was not incorporated during the deposition 
process of our coatings. Therefore, we could only attribute the presence 
of this peak to the absorbance of hydrogen in the atmosphere to the 
topmost DLC layer before the Raman measurements.

The two main subpeaks (D and G peaks) are centered in the 
ranges of ~1369 to ~1388 cm−1 and ~1555 to ~1558 cm−1, respectively. 
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The D and G peaks are correlated only with sp2 sites and can be 
attributed to breathing and stretching modes, respectively (41). An 
additional peak started to form as the Cr deposition power exceeded 
20  W. The formation of this peak (D′, centered at ~1600  cm−1) 
indicates an increase in the concentration of defects and disorders 
in the amorphous carbon nanostructure as the Cr deposition power 
increased (42, 43).

The characteristics of the subpeaks were analyzed precisely. 
Figure 3B shows the variations in the full width at half-maximum 
(FWHM) of the G peak. An evident decrease in the FWHM(G) is 
observed with the increase in the Cr deposition power. The FWHM(G) 
can be used as a parameter to assess the bond length and bond angle 
distortion in sp2 clusters that are linked to the sp3 content in the 
structure of nonhydrogenated DLC (44). With an increase in the 
sp3 content, the sp2 clusters within a sp3 network become smaller 
and more strained. This, in turn, causes increases in both bond 
length and bond angle disorder (45). According to Cui et al. (46), 
FWHM(G) is therefore closely correlated with the sp3 content in 
nonhydrogenated DLC, and the concentration of sp3 bonds can be 
estimated by this correlation [the sp3 content increases with the 
FWHM(G) monotonically]. We used this relationship to estimate 
the percentage of sp3 content. As shown in Fig. 3C, the percentage 
of sp3 content tends to decrease as the Cr deposition power increases. 

The Cr20 and Cr150 coatings displayed sp3 contents of 42 and 24%, 
respectively.

The quantity and type of defects in the coatings was investigated 
by analysis of the D and D′ peaks. Figure 3D shows the areal ratio of 
these peaks [integrated area (A) of these peaks divided by the inte-
grated area of all the subpeaks. Note that A(D′) = 0 for Cr20)]. It is 
evident that the areal ratio of (D + D′) increases as the Cr deposition 
power increases (from ~61 at 20 W to ~69 at above 80 W). This outcome 
indicates that the quantity of defects increased significantly as the Cr 
deposition power increased from 20 to 80 W. The ratio then showed a 
marginal decrease as the power increased from 80 to 150 W. This can 
be due to the overall reduction of C wt % as the Cr wt % increases.

Further analysis was performed to investigate the characteristic 
and origin of the defects in the amorphous carbon structure (Fig. 3E). 
The ratio I(D)/I(D′) can be used to obtain valuable information in 
this regard (42, 47). It has been reported that I(D)/I(D′) is ~13 for 
sp3 defects, ~10 for sp2-related defects, and  ~7 for void defects. 
I(D)/I(D′) was observed to be ~10, ~7, ~13, and ~21 for Cr40, Cr80, 
Cr120, and Cr150, respectively. Note that this analysis is not valid 
for the Cr20 coating because D′ was not observed in its Raman 
spectrum. Further research is required as it is not clear what the 
ratio of ~21 signifies. Figure 3F illustrates the defects in the structure 
of DLC nanolayers.

Fig. 3. Nanostructural analysis of the coatings using Raman spectroscopy. (A) Overall Raman spectra: The spectra tend to shift (the pink dashed line is the reference) 
and widen as the Cr deposition power increases. Gaussian deconvolution of the main peak revealed that it consists of four subpeaks known as I, D, G, and D′ (≥40 W). 
Analysis of data obtained from the deconvolutions: variations in (B) FWHM(G), (C) percentage of sp3 content, (D) areal ratio of (D + D′), and (E) I(D)/I(D′) with respect to Cr 
deposition power. An increase in the Cr deposition power from 20 to 150 W reduces the percentage of sp3 content from 42 to 24% and alters the quantity and type of 
nanostructural defects. (F) Schematic representation of void, sp2- and sp3-type defects in carbon nanostructure.
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Effects of nanointerfaces on mechanical properties 
and internal stress
Figure 4A presents the H and E values of the coatings measured 
using a standard diamond Berkovich tip using the Oliver-Pharr 
method (48). These parameters varied in the range of ~13 to ~16 GPa 
and ~155 to ~190 GPa, respectively. Marginal increases (0.6 to 3 GPa) 
in the values of H (from those for the DLC coating) were detected 
with the introduction of Cr nanolayers to DLC. Among the nano-
layered coatings, H and E values were influenced by both the amount 
of sp3 bonds and formation of CrCx phases.

The ratio H/E has also been used widely to assess the mechanical 
response of thin films under contact as a measure of elasticity (49). 
The variations in H/E with respect to the Cr deposition power were 
calculated and are plotted in Fig.  4B. The introduction of the Cr 
nanolayers to DLC significantly improved its H/E value. The DLC 
and Cr20 coatings had the lowest and highest ratio, respectively, 
among the coatings (0.073 and 0.097, respectively, a difference of 
32%). These data indicate that the Cr20 coating had the highest 
elasticity among the nanolayered coatings. This phenomenon can 
be attributed to the fact that the Cr20 coating (i) had the least defec-
tive nanostructure among the nanolayered coatings, (ii) was fully 
amorphous, and (iii) contained no carbide phases. The transition of 
the growth mode from FM to SK and the formation of carbide 
phases were the causes of the reduction in H/E with the increase in 
the Cr deposition power. Considering the overlapping of the 
standard deviation values in Fig. 4A, we performed a series of statistical 
analysis (t tests) on H and E values with respect to the claims 
discussed above. Refer to text S3 for more information.

Figure  4C presents the variations in the accumulated average 
compressive stress in the coatings. All the nanolayered coatings show 
a lower internal stress than DLC. These data indicate that the stress 
was mainly tensile in the Cr nanolayers, while it was compressive in 
the DLC nanolayers. The tensile stress of layers composed of metallic 
materials has also been reported in a previous study (50). It has also 
been reported that a higher sputtering power can relieve in-plane 
compressive stress that enables the formation of layers with a higher 
degree of crystallinity (51). However, the stress did not decrease 
linearly as the Cr deposition power (and thereby, the thickness of 
the corresponding Cr nanolayers) increased. Our measurements 
showed that the stress of the Cr80 coating was higher than that of 
Cr40. Thus, if we consider the stress of Cr40 as the baseline, the 
stress became more compressive at 80  W rather than continue 
being tensile (Fig.  4D). The stress development during coating 
growth exhibits complex dependences on the conditions during the 
deposition process (e.g., growth rate and temperature) as well as the 
coating nanostructure (50). The scenario becomes more complex 
when the coating is in the amorphous state, contains nanocrystals, 
or is composed of multiple materials (e.g., alloy, composite, and 
multilayer), wherein phenomenon such as phase transformation is 
involved. The fundamental mechanisms during coating growth 
must be considered to address the stress behavior. We discussed 
previously that the growth mechanism transitions from FM to SK as 
the Cr deposition power exceeds 40 W. The stress behavior of the 
Cr80 coating can be explained by this transition and the mechanisms 
that have been suggested by date. One mechanism suggests that the 
compressive stress is inherited from the stress in the individual 

Fig. 4. Nanoindentations and evaluation of internal stress. (A) H and E were measured using a standard diamond Berkovich tip. (B) H/E ratio as a measure of elasticity. 
Cr20 and DLC show the maximum and minimum H/E values, respectively. (C) Average intrinsic compressive stress of the coatings. The DLC and Cr150 coatings show the 
maximum and minimum stress (~1070 and ~400 MPa, respectively). (D) Evolution of the stress of the coatings relative to that of Cr40 coating. The orange dashed line 
indicates the zero level as baseline. The regions above (positive) and below (negative) the baseline indicate the tensile and compressive stress regions relative to the stress 
of Cr40, respectively.
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islands before they coalesce, which is attributed to the effect of the 
surface-induced compressions in the islands before being attached 
firmly to the underlying surface (50). The insertion of atoms to the 
grain boundaries during the deposition owing to the superposition 
of atoms on the surface is another proposed mechanism (52, 53). 
These mechanisms may also be used to explain the formation of 
rough and wavy nanointerfaces in Cr80 coating. The amount of stress 
during coating growth can also be correlated with nanostructural 
defects (54); the shrinkage (or closure) of nanoscale defects can be 
facilitated by compressive residual stress. This indicates that fewer 
defects are likely at higher compressive stresses, which is in good agree-
ment with the results of the Raman and stress analysis in this study 
(except for the Cr80 coating because of the explained mechanisms).

Correlations between nanointerfaces and  
macrotribological properties
Next, the friction and wear behavior of the specimens were assessed. 
For the initial assessment, the first series of tests were performed 
under a normal load of 5 N in dry condition. Figure 5A presents the 
schematic of the custom-built reciprocating macrotribometer. 
Figure 5B shows the average COF of the specimens for 10,000 cycles. 
As is evident, the COF of the bare HSS substrate fluctuated over a 
wide range (~0.4 to ~0.6), which is typical for steel materials. The 
instability of the COF signal was attributed to the adhesive charac-
teristic of the wear mechanism (see text S4) and severe surface damage. 
The frictional behavior of the substrate improved significantly after 
the deposition of coatings. A running-in period of approximately 
800 cycles was observed for all the coatings. This is associated with 
the initial surface roughness. The COFs became steady and stable 
after the smoothening of micro- and nanoasperities and adaptation 
of the surfaces in contact as the sliding continued. The DLC and 
Cr150 coatings showed a similar COF of ~0.1. The COF values for 
the remaining coatings were in the range of ~0.05 to ~0.08.

After the friction tests, the amount of wear was quantified in 
terms of normalized wear rate (Fig. 5C). The bare and DLC-coated 
HSS substrate showed wear rates of 1.7 × 10−9 and 9.8 × 10−11 mm3/
N·mm, respectively. A clear and definite trend between the Cr depo-
sition power and wear rate was observed (the wear rate decreased as 
the Cr deposition power decreased). The Cr20 coating showed the 
lowest wear rate (2.1 × 10−11 mm3/N·mm). The Cr150, Cr120, Cr80, 
and Cr40 coatings showed wear rates of 4.1  ×  10−10, 2.1  ×  10−10, 
1.8 × 10−10, and 1.6 × 10−10 mm3/N·mm, respectively. These data 
imply that the Cr20 coating could effectively reduce the wear of bare 
HSS by ~81 folds. The data also imply that the wear rates of the 
Cr150, Cr120, Cr80, and Cr40 coatings were higher than those of 
the DLC and Cr20 coatings.

Because Cr20 coating showed the lowest wear rate, it was selected 
for further tests to assess its durability under a higher normal load 
of 10 N under dry and lubricated conditions. The tests were also 
performed on bare and DLC-coated HSS specimens for comparison. 
Figure 5 (D and E) presents the obtained COF data and the wear 
rates, respectively. The COF of bare HSS continued to fluctuate 
between 0.5 and 0.6. However, it reduced by ~82% upon the 
application of Cr20 and DLC coatings, both of which showed a sim-
ilar COF of ~0.1. Compared with the case of 5 N, the Cr20 coating 
showed a relatively higher COF of 0.1. This phenomenon can be 
attributed to the changes in the wear mechanism caused by the 
increase in the normal load. The obtained wear rates were 2.7 × 10−11, 
1.7 × 10−10, and 3.8 × 10−9 mm3/N·mm for Cr20, DLC, and bare 

HSS, respectively. The Cr20 coating reduced the wear of bare HSS 
under 10 N by ~140-fold. The wear reduction compared with the 
only-DLC coating was ~7-fold. An analysis of the wear tracks on the 
coatings using laser confocal microscopy indicated that abrasive and 
burnishing wear were the dominant wear mechanisms depending on 
the Cr deposition power. More specifically, the wear mechanism 
shifted gradually from burnishing to abrasive as the Cr deposition 
power increased from 20 to 150 W.

The COF and wear rate reduced significantly under the bound-
ary lubricated condition (Fig. 5, F and G; the lubrication regime is 
discussed further subsequently). The Cr20 coating exhibited a lower 
COF (~0.06) than the bare and DLC-coated HSS (~0.082). The bare 
HSS showed a wear rate of 3.8 × 10−11 mm3/N·mm, which was 
significantly lower than that under dry condition. The DLC and 
Cr20 coatings showed wear rates of 1.4 × 10−11 and 7 × 10−13 mm3/
N·mm, respectively. Figure 5H illustrates a schematic of the abrasive 
and burnishing wear mechanisms (refer to text S4 for a detailed 
discussion and to view the wear tracks formed under dry sliding 
condition). The wear tracks can be seen in Fig. 5I. To summarize, 
the Cr20 coating was observed to be the optimum coating among 
the specimens in terms of wear rate. The factors underlying these 
results are addressed in Discussion.

Evolution and characterization of wear on Cr20 coating
Here, we discuss the wear mechanism of the Cr20 coating more 
comprehensively. Figure 6A presents a laser confocal microscopy 
scan of the wear track formed on the Cr20 coating under 5 N. The 
analysis indicated that the wear mechanism was fully burnishing, 
because only the micro-/nanoasperities were smoothened out 
throughout the sliding tests. Another indication of burnishing wear 
was the nonformation of wear debris alongside the wear track. 
Moreover, COF generally has a close correlation with Ra in the case 
of burnishing wear. To investigate this, the surface was monitored 
by in situ confocal microscopy during the evolution of the wear 
process. The evolution of the COF and Ra of the worn area with 
respect to the sliding cycles throughout the test is plotted in Fig. 6B. An 
evident correlation between COF and Ra is observed. As mentioned 
earlier, the Ra of the bare HSS substrates was approximately 
65 ± 5 nm. Upon the deposition of Cr20 coating, the surface became 
smoother, and Ra was reduced to 50 ± 5 nm. Both COF and Ra 
continued to reduce as the sliding test proceeded and then stabilized at 
0.08 and ~10 nm, respectively, after ~2000 cycles. The correlation 
coefficient was calculated to be ~0.98, indicating the presence of a 
strong dependency between Ra and COF.

The variations in the surface chemistry of the worn area were 
also investigated by in situ Raman spectroscopy after 50, 500, and 
1000 cycles, respectively (Fig. 6, C to E). Table S1 lists the parame-
ters obtained from the Gaussian deconvolutions. No definite trend 
was observed for the variations in the FWHM(G) with respect to the 
number of cycles. However, the areal percentages of the G and I 
peaks [A(G) and A(I)] continued to increase and A(D) continued to 
decrease [whereby A(D)/A(G) decreased] as the number of cycles 
increased. The increase in A(I) can be attributed to the increase in 
the number of carbon dangling bonds at the contact interface (55), 
which can readily bond with oxygen during the friction process. 
The variations in A(D) and A(G) should be explained by considering 
the A(D) and A(G) values of the as-deposited Cr20 coating. An 
increase in A(D) during the initial cycles (>500 and <800) can be 
attributed to an increased disorder in the Cr20 nanostructure. 

D
ow

nloaded from
 https://w

w
w

.science.org on June 10, 2022



Khadem et al., Sci. Adv. 7, eabk1224 (2021)     19 November 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

9 of 19

When burnishing wear was involved, the amount of wear during 
the initial cycles was the highest owing to the rapid leveling of 
micro-/nanoasperities. This process increased the level of disorder 
during the initial cycles compared with that for the as-deposited 
coating. After the leveling/smoothening of the asperities (>800 
cycles), A(G) increased, whereas A(D) decreased. This can be an 
indication of the gradual graphitization of the coating surface 
owing to the contact pressure and the shear stress generated by 
friction during the sliding tests (41).

FE simulation
FE simulations were performed to assess the state of the induced 
stress contours during contact and sliding. Cr20 coating was selected 

as it showed the lowest wear rate among the coatings. Bare and 
DLC-coated HSS were also simulated for comparison. Plastic 
behavior was considered for the HSS substrate and the coatings (see 
texts S3 and S5 for detailed discussion on the procedure used to 
obtain the plastic properties of the coatings and additional informa-
tion on the FE modeling, respectively). The ball was only modeled 
in the elastic mode as it was not the main focus and to reduce the 
computational time. Refer to the submitted video files to see the 
evolution of the stress during the contact and sliding actions. 
Figure  7  (A  to  C) shows the von Mises stress contours in the 
substrates at the symmetry plane. The tip and the coatings are hidden 
in the figures to display the stress contours in the substrates. As it is 
evident, deposition of DLC and Cr20 coatings onto the HSS 

Fig. 5. Evaluation of macrotribological properties. (A) Schematic of custom-built reciprocating macrotribometer. Normal loads were applied using standard dead 
weights. Variations in COF with respect to sliding cycles and wear rate of specimens under dry sliding condition at (B and C) 5 N and (D and E) 10 N. (F and G) Variations 
in COF and wear rate of bare HSS, DLC, and Cr20 coatings under lubricated sliding condition at 10 N. (H) Schematic representation of abrasive and burnishing wear mechanisms. 
The generation of wear debris and smoothening of micro-/nanoasperities can be observed in the case of each mechanism. (I) Visualization of the wear tracks. 3D 
laser-scanned images, laser-enhanced optical images, and cross-sectional profiles of the wear tracks on bare HSS and on DLC and Cr20 coatings. The areas specified by 
the yellow color indicate the worn area. The blue dashed lines indicate the boundary of the wear tracks. All the dimensions are in micrometers.
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Fig. 6. Wear mechanism and evolution of surface chemistry during sliding. (A) Laser confocal microscopy: 3D laser-scanned images, laser-enhanced optical images, 
and cross-sectional profiles of the wear tracks on Cr20 coating (load, 5 N; dry condition). The area specified by the yellow color indicates the worn area. The blue dashed 
lines indicate the boundary of the wear tracks. All the dimensions are in micrometers. (B) Evolution of Ra and its correlation with COF with respect to the number of cycles. 
The Raman spectra and Gaussian deconvolutions of the carbon peak of the worn surface after (C) 50, (D) 500, and (E) 1000 cycles. The deconvolutions indicate that the 
surface became more defective and graphitized as the sliding proceeded.
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substrate influenced the von Mises stress contours. In all the cases, 
the sliding action generated compressive and tensile stress fields in 
those of regions at the front and behind the tip, respectively. The 
stress trails can be seen because of the plastic deformation of the 
substrate. During the sliding, both elastic deformation and plastic 
deformation occur under the tip, and behind the tip, only the plastic 
deformation prevails on the surface. In the case of bare HSS, the 
location of the maximum stress was below the surface as predicted 
by the contact theory (56). Meanwhile, the maximum stress in the 
substrates underneath the DLC and Cr20 coatings occurred on the 
surface. This phenomenon can be attributed to the mismatch be-
tween the mechanical properties of the coatings and the substrate 
(Ecoatings > Esubstrate) (57). The plots of the stress values on the surface 
and along the thickness (at the symmetry plane) of all the substrates 
are given in Fig. 7 (D and E). These data imply that the surface of the 
substrate experienced up to 25% lower stress upon reinforcing it by 
the coatings. The difference was more significant along the thick-
ness. Also, the substrate underneath the Cr20 coating experienced a 
marginally lower stress (approximately 3%) compared to the substrate 
underneath the DLC coating.

The state of the stress in the coatings was also investigated. 
Figure 7  (F and G) shows the von Mises residual stress contours 
generated in the coatings during loading and sliding. The maximum 
stress in the coatings was concentrated on the sides, along the edges 
of the contact zone. To explain this phenomenon, we should 
consider the parameters that generate the stress field in the coatings: 
(i) deformation: as a result of plastic behavior of the substrate and 
the coatings; the plastic deformation results in both compressive 
and tensile stresses; and (ii) geometry of the deformed regions: The 
loading and sliding commonly result in formation of pile-ups at the 
edges of the contact zone (see Fig. 7, H and I) (58). According to 
previous studies (59, 60), an additional bending effect at the edges 
of the contact zone coating can be caused by the groove geometry 
and the pile-ups. This bending can, in turn, result in generation of 
compressive and tensile stresses in addition to the stresses caused 
by the contact. The substrate yields and pulls down the coating 
(because the substrate and the coatings are fully bonded). The bend-
ing effect here is then caused by both yielding of the substrate and 
the pile-ups at the edges of the contact zone. In addition, plastic 
deformation of the substrate also results in releasing the stress at the 
central region, which shifts the stress concentration toward the edges. 
Last, plotting the stress profiles along the surface of the coatings 
(Fig.  7J) shows that the maximum induced stress in the Cr20 
coating was lower than the DLC (by approximately 16%). This can 
be explained by taking the E values to consideration wherein the 
E of Cr20 was lower than DLC.

Surface micropatterning
To reduce the wear rate further, the surface patterning technique 
was used. Studies have reported a pattern density of 5 to 20% as the 
optimum value for tribological improvements (61). In this study as 
well, the density of dimple-shaped patterns was varied between 
5 and 20% by modifying the pitch (P) value. Figure 8A illustrates 
the pulsed fiber laser setup used for fabricating microdimples and a 
3D schematic of the geometry of the micropatterns and their corre-
sponding dimensions. Cr20 coating was selected to be deposited on 
the micropatterned HSS substrates as it showed the highest wear 
resistance among the coatings. The sliding tests were performed 
only under lubricated condition because the micropatterning strategy 

is the most advantageous in terms of friction and wear reduction 
when used with a lubricant. Also, the sliding tests were performed 
under the earlier conditions (load, 10 N) for consistency and to 
enable the assessment of the effects of micropatterning on friction 
and wear properties and a comparison with the friction and wear 
properties of Cr20 coating on flat HSS. The P values considered in 
this study were 20, 30, and 40 m (the corresponding specimens are 
denoted as P20, P30, and P40 henceforth). The Ra values of P20, 
P30, and P40 were 170 ± 20, 120 ± 10, and 90 ± 10 nm, respectively 
(refer to fig. S7 for more information). Figure 8 (B and C) presents 
the average COFs and wear rates of Cr20 coating on P20, P30, and 
P40 (in conjunction with those of Cr20 coating on flat HSS as 
reference and for comparison). As is evident, the COFs of the Cr20 
coating on all the microdimpled HSS were lower than that of Cr20 
on flat HSS. It was noted that the frictional behavior of Cr20 on 
P20 differed from that of P30 and P40 in two manners. First, P20 
showed a longer running-in period (approximately, 1000 cycles) 
than P30 (~300 cycles) and P40 (~150 cycles). Second, P20 main-
tained a marginally lower COF (0.047 to 0.049) than those of P30 
(0.048 to 0.052) and P40 (0.05 to 0.055). The running-in behavior 
can be attributed to the Ra values of the specimens (the higher the Ra, 
the longer the running-in period became: P20 > P30 > P40). How-
ever, this analogy cannot be used to explain why P20 maintained a 
marginally lower COF than those of P30 and P40 throughout the slid-
ing tests after the running-in period, because the Ra of the worn-out 
surface on P20 was higher than those for P30 and P40. This implies 
the involvement of other phenomena in the determination of 
the friction behavior. This matter is discussed subsequently.

The Cr20 coating on P20 showed a higher wear rate (4.2 × 10−12 
mm3/N·mm) than that of the Cr20 coating on the flat HSS. As 
discussed earlier, the wear on P20 appeared in the form of the 
smoothening of the microasperities. Because a distinct worn area 
was not apparent (cross-sectional profile in Fig. 8D), the wear rate 
could be calculated only by subtracting the area of the smoothened 
asperities from that of the neighboring asperities outside the worn 
area as reference. In the case of P30, the wear appeared in the form 
of the smoothening of the nanoasperities. It was not possible to 
detect any difference between the morphologies of the surfaces 
inside and outside the wear track according to the profiles obtained 
by laser confocal microscopy (Fig. 8E). In addition, scanning of the 
surface using equipment with higher precision and resolution (e.g., 
atomic force microscope) was not possible owing to the high 
surface roughness and the high aspect ratio of the microdimples. 
Therefore, we could estimate the wear rate only based on the infor-
mation regarding the resolution of the laser confocal microscope. 
The minimum detectable wear area is specified to be ~0.04 m2. 
Considering this, we assumed that the wear area is less than the 
specified value, which corresponded to a maximum wear rate of 
4  ×  10−13  mm3/N·mm. We also performed a prolonged wear test 
under 20,000 cycles in an attempt to obtain a clearer wear profile 
(see text S9). In the case of P40, the presence of bulges on the worn-out 
surface made it impossible to assess the wear quantitatively (Fig. 8F; 
indicated as “nonmeasurable” in Fig. 8C). The Ra values of the 
worn-out surfaces were 130 ± 10, 110 ± 10, and 110 ± 10 nm for 
P20, P30, and P40, respectively. The Ra values of P20 and P30 
decreased and that of P40 increased, from their respective initial values. 
These measurements verify our observations of the smoothening of 
micro- and nanoasperities and formation of bulges in the cases of 
P20, P30, and P40, respectively.
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The Hersey number was calculated to be ~0.00014. The marginal 
value of the Hersey number and the range of COF values indicated 
that the sliding tests were performed mainly in the boundary lubri-
cation regime (62, 63). COF values in the range of 0.04 to 0.1 in the 
boundary lubrication condition for coated or bare patterned 

surfaces have also been reported (64, 65). The lubrication regime 
can be explained by considering the sliding conditions and the state 
of the micropatterned surfaces. The sliding tests were performed 
under a high normal load and low sliding velocity (10 N and 8 mm/s). 
These conditions can promote boundary lubrication (64, 66). The 

Fig. 7. FE simulations of contact and sliding for the bare and DLC- and Cr20-coated HSS specimens. The sliding direction is from left to right. Topographical von 
Mises stress-field contours in (A) bare HSS, HSS underneath the (B) DLC, and (C) Cr20 coatings. Numerical comparison of the von Mises stress values (D) on the surface and 
(E) along the thickness (at the symmetry plane) of the substrates. Topographical von Mises stress-field contours in the (F) DLC and (G) Cr20 coatings. (H) Field map showing 
the vertical deformation of the bare HSS substrate (along the y axis). The dark-gray region indicates the point of initial indentation before sliding and convergence of the 
load to 10 N. (I) Deformation profile of the bare HSS substrate. The pile-ups at the edges of the contact zone are specified by the dashed red circles. (J) Numerical comparison 
of the generated von Mises stress values on the surface for the DLC and Cr20 coatings.
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formation of burrs around the edge of the micropatterns (see text 
S6) and increased surface roughness upon micropatterning were 
other reasons for lubrication in the boundary regime (64, 66, 67). It 
should be noted that variation in the density of the micropatterns 
may affect the mixed and hydrodynamic components of the lubri-
cation to a certain degree as well. This matter is elaborated further 
in Discussion.

DISCUSSION
According to our benchmarks (tables S3 and S4), despite having a 
lower thickness, the COF and wear rate of the Cr20 coating are 
substantially lower than those reported values at the macroscale by 
date. A lower thickness is beneficial in certain situations wherein 
large thickness of the coatings may hinder their applications or 
degrade their functionality (3). Such wear behavior can be explained 
by considering the phenomena associated with varying the Cr 
deposition power. An increase in the deposition power enhances 

the electric field perpendicular to the target plane. This, in turn, 
increases the plasma density and ionization. The bombarding ions 
(Ar+) gain more kinetic energy/momentum and transfer their 
momentum to the target atoms upon impact. This results in a higher 
kinetic energy of the atoms/ions ejected from the target (68). The 
increased kinetic energy of the ejected Cr atoms affected the struc-
ture of the nanolayered coatings in four manners: (i) The level of 
intermixing at the Cr/DLC interface increased. (ii) The growth 
mechanism of Cr nanolayers: Deposition at a higher sputtering 
power may result in coating growth in the VW or SK mode (16, 17). 
It has also been reported that coatings prepared with higher deposi-
tion powers exhibit a higher degree of crystallinity that is consistent 
with the characteristics of coatings grown in the VW or SK mode 
(16). This agrees with our observations from the HR-TEM analysis, 
wherein more nanocrystalline phases started to form as the Cr 
deposition power reached 120 W. The higher degree of crystallinity of 
Cr nanolayers in Cr150 coating can be also explained by considering 
the overall thickness of individual Cr layers. Metallic elements tend 

Fig. 8. Pulsed fiber laser fabrication setup, visualization of the wear tracks, and macrotribological properties. (A) Schematic of the lasing setup used for fabrication 
of microdimples on HSS. The lasing procedure was done in one cycle with a frequency and pulse duration of 1.6 kHz and 4 ns, respectively. Variations of (B) COF with 
respect to sliding cycles, and (C) wear rates of Cr20 coating on micropatterned HSS. The COF and wear rate of Cr20 on flat HSS are also given as reference. 3D laser-scanned 
images, laser-enhanced optical images, and cross-sectional profiles of the wear tracks on (D) P20, (E) P30, and (F) P40. The blue dashed lines indicate the boundary of the 
wear tracks. Green arrows in (D) indicate the smoothened microasperities. White dashed lines and arrows in (F) specify the formation of bulges on the worn surface. Load, 
10 N; lubrication condition. All the dimensions are in micrometers.
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to readily crystallize if their thickness exceeds a critical threshold. 
For example, this critical threshold has been determined to be 
approximately 4 nm for Co in a Co/DLC multilayer system (6). The 
critical thickness for Cr in our Cr/DLC nanolayered system was ~2 nm. 
(iii) The roughness and morphology at the interface of the nanolayers: 
The increased roughness, nonuniformity, and formation of wavy 
nanointerfaces is a consequence of growth mode transition and the 
stress induced by the formation of islands. (iv) Quantity and type of 
defects/disorders in the DLC nanostructure: This phenomenon can 
be explained by considering the growth mechanisms, physics of the 
sputtering process, and kinetic energy of the ejected Cr atoms/ions. 
At high deposition powers (≥ 40 W), the Cr adatoms/ions have the 
energy necessary to disrupt sp2 or sp3 carbon bonds of the underlying 
DLC nanolayers upon impact. The type of the disruption caused in 
the DLC nanostructure depends on the extent of kinetic energy. In 
addition, a higher momentum of ejected Cr atoms implies that 
more energy would be converted to heat upon impact with the 
underlying carbon atoms (given the fixed deposition time, the higher 
the Cr deposition power, the higher the temperature of the underlying 
DLC layers becomes). DLC tends to graphitize (more sp2 bonds) at 
elevated temperatures (69). This is consistent with our Raman 
analysis, wherein the percentage of sp3 content decreased as the Cr 
deposition power increased. Figure  9A provides a schematic 
comparison, according to the above discussion, between those of 
classic periodic nanolayered coatings and the Cr20 coating. For a 
detailed discussion regarding the Cr20-10s coating, refer to text S7.

A comprehensive model to describe the wear behavior must 
consider both structural features at the atomic level (obtained from 
Raman analysis) and mechanical properties (determined by 
nanoindentation analysis) of the coatings. It should be noted that 
defining a model based on dependent parameters from each analysis 
affects the reliability of the model. For example, it is established that 
the percentage of sp3 bonds in DLC is highly correlated with its 
hardness (variations in the sp3 content would reflect on the hard-
ness). Therefore, these two parameters cannot be used together in a 
model. Considering this, we proposed a model based on the inde-
pendent parameters from each analysis. We defined a dimension-
less parameter (denoted with Ƙ) that is the quotient of A(D + D′) 
and H/E. As discussed earlier, A(D + D′) represents the quantity of 
atomic defects. Meanwhile, H/E effectively represents the mechani-
cal response of the coatings under contact condition as a measure of 
elasticity. Variations in H/E also reflect on the variations in the sp3 
content or the formation of carbide (CrCx) phases with respect to 
the Cr deposition power. Both the defect density and elasticity are 
known to strongly affect the wear properties (49, 55). Our data in 
Figs. 3 and 4 indicate that these parameters do not influence each 
other and hence can be used together in a model. It should be noted 
that certain studies have reported a relationship between hardness 
and nanostructural defects of the same type (70, 71). However, this 
was not the case in this study because the variations in the Cr depo-
sition power not only changed the quantity of the defects but also 
altered their type.

Figure 9B presents the dependency of the wear rates on Ƙ (the 
lower Ƙ is, the lower is the wear rate). As is evident, the wear rate 
values well follow the variations in Ƙ with respect to the Cr deposi-
tion power. A correlation coefficient of ~0.82 was obtained between 
Ƙ and wear rate. This demonstrates the high dependency of wear 
rate on Ƙ. The Ƙ value of Cr20 coating was significantly lower than 
those of the remaining coatings. However, an irregularity between 

the wear rate of DLC and its Ƙ compared with the cases of the Cr40, 
Cr80, and Cr120 coatings is evident. The Ƙ value obtained for DLC 
was higher than that for Cr40 (almost equal to that for Cr80 and 
Cr120), whereas its wear rate was lower than that of the coatings. 
This indicates the involvement of chemical phenomena in the 
determination of the wear behavior. To investigate, the countersurfaces 
(steel balls) were analyzed using laser confocal microscopy and 
Raman spectroscopy (see text S8). The analysis revealed that the 
contact zones were covered with what appeared to be a substance/
film (known as tribo-film) whose characteristics differed from those 
of the deposited coatings. Three main conclusions were drawn on 
the basis of the Gaussian deconvolutions: (i) The tribo-film that was 
formed on the ball that slid on DLC showed higher FWHM(G) 
compared with those of the tribo-film formed on the balls that slid 
on Cr40, Cr80, and Cr120. This implied that the tribo-film that 
corresponded to DLC potentially contained more sp3 bonds, which 
resulted in a higher level of protection against wear. (ii) The tribo- 
films in the case of the balls that slid on Cr120 and Cr150 were 
discontinuous. This could be attributed to the higher degree of 
abrasive wear at a higher Cr deposition power as discussed previ-
ously. In this case, the tribo-film did not play a significant role in the 
protection of the contact pairs against wear. These two conclusions 
may explain the presence of the abovementioned irregularity. (iii) 
The I(G) of the tribo-film formed on the ball that slid on Cr20 coating 
(under both 5 and 10 N) was smaller than that of the remaining 
tribo-films. This implies that the tribo-film was mainly amorphous 
carbon and that the level of graphitization caused by pressure and 
shear stress during the wear tests was less than those for the other 
tribo-films.

A correlation coefficient of ~0.96 between the Ƙ parameter and 
wear rates is obtained if we exclude DLC. The high values of the 
correlation coefficients imply that our proposed model not only 
explains the exceptionally low wear rate of Cr20 coating but also 
can be used to effectively predict the wear rate of carbon-based 
nanolayered coatings providing that the difference in the chemistry 
of the tribo-films for those of coatings that are being compared 
remains insignificant. As Ƙ takes the chemistry of the coatings to 
consideration, it is a more comprehensive criterion compared to 
those of classic criteria for describing the wear properties such as 
H/E and H3/E2. Moreover, because Ƙ is defined on the basis of the 
defects and disorders of carbon, it is suggested that it can be used to 
represent the wear behavior of other carbon-based nanolayered 
coatings as well. However, more research on various material pairs 
(other than Cr) for carbon should be performed before generalizing 
the applicability of this parameter.

To analyze the macrotribological properties of the Cr20 coating 
on the microdimpled substrates, we should review the fundamental 
mechanisms by which surface patterning improves tribological 
properties. In general, surface patterning can lower friction and 
wear, mainly through five different mechanisms: (i) by reducing the 
real area of contact (RAC); (ii) by trapping the wear debris generated 
during sliding (eliminates stress concentration and wear caused by 
abrasion and ploughing); (iii) by serving as microreservoirs for 
lubricant (RL) (ensures the continuous supply of lubricant through-
out the sliding and alters the lubrication regime to mixed lubrica-
tion (64); (iv) by increasing the adhesion of coating to the substrate 
by deflecting the propagation of interfacial cracks and, thereby, 
suppressing the delamination failure during wear (72); and (v) by 
generating a hydrodynamic pressure (HP) between the surfaces in 
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contact owing to the entrapment and compression of lubricant 
inside the micropatterns (functioning as microhydrodynamic bear-
ings) that can result in lift-off effect and, thereby, a certain increase 
in the load carrying capacity (73). In boundary lubrication, the 
contact bodies are separated by only a few layers of molecules, and 
the film varies in thickness from one to a few tens of nanometers. 
Provided that a sufficient amount of lubricant is supplied, a marginal 
degree of HP is likely to be generated by the constant and continuous 
entrapment and compression of lubricant inside the micropatterns 
upon contact (67). Each of the abovementioned mechanisms is 
highly dependent on the characteristics of the micropatterns [D, P, 
and volume of dimples (V)]. A variation in P results in a variation 
in the number of dimples (N) and the density of burrs (DB) along 
the width of the wear track. This, in turn, causes the RAC and 
amount of RL to vary, and therefore, the expected HP varies. To 
simplify, the characteristics of P20, P30, and P40  in terms of the 
parameters defined above are listed in Table 1.

RAC and RL are proportional to D and V, respectively. Meanwhile, 
the correlation between HP and the geometry of the fabricated 
microdimples is more complex. A close inspection of the cross- 
sectional profiles of the fabricated microdimples reveals that the 
bottom end of the microdimples on P20 is sharp. This makes these 
more conical unlike the microdimples on P30 and P40, which are 

flat-end and more cylindrical (refer to fig. S7). Numerical and 
experimental studies have shown that cylindrical dimples generate 
a 40 to 60% higher load carrying capacity compared with that of 
conical dimples (74, 75). This phenomenon occurs because the 
wedge divergence in the conical dimples is gentler than that in the 
cylindrical dimples (74). Therefore, assuming that the individual 
microdimples on P30 and P40 generate an equal HP owing to their 
geometrical similarities, individual microdimples on P20 can 
generate 0.4 to 0.6 HP (an average of 0.5 HP). It should be mentioned 
that the fabrication of conical microdimples on P20 was unintentional 
and only owing to the slow scanning speed. For the higher speeds, 
the advancement of a pulse during a pulse duration (4 ns) becomes 
prominent. Hence, the microdimples in the case of P30 and P40 
have a cylindrical shape.

As discussed previously, the initial Ra values (as a result of 
formation of burrs) showed a direct relationship with the running- 
in period. This is because the rate of material removal is highest 
during the running-in period (41). After the running-in period, the 
Cr20 coating on P20 showed a COF that was marginally lower than 
those of P30 and P40. The lower COF in this case can be attributed 
to a lower RAC because of the higher density of microdimples on 
P20. The effect of RAC on the COF of P30 and P40 was also evident. 
Here, the Cr20 coating on P30 showed a slightly lower COF than 

Fig. 9. Proposed models to describe the wear behaviors. (A) Schematic representation of the nanostructure of those of classic periodic nanolayered coatings and Cr20 
coating. (B) Dependency of wear rate on the proposed dimensionless Ƙ parameter [defined as the quotient of A(D + D′) and H/E by this study]. A direct correlation 
between Ƙ and wear rate is observed. (C) Characteristics of P20, P30, and P40 in terms of the parameters affecting the tribological properties. To enable comparison of 
the parameters, the values are normalized (>0 and ≤1, with 1 being the most favorable to the wear resistance).
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that for P40. However, it should be noted that although favorable to 
COF, less RAC does not always correspond to a lower wear because 
the contact stress increases as the RAC decreases. As pointed out 
earlier, studies have shown that the amount of wear is the mini-
mum for a specific density (not necessarily the highest density) of 
micropatterns.

A comprehensive model to describe the macrotribological 
properties should consider all the abovementioned parameters. 
Figure 9C presents the established correlations between the defined 
parameters for P20, P30, and P40 and their corresponding wear 
behavior. The effect of individual parameters on wear behavior can 
be visually assessed using this plot. The calculation of the area of the 
triangles for P20, P30, and P40 produces a dimensionless value that 
has a direct relationship with the macrotribological properties and 
can be used as a criterion to measure and predict the wear perform-
ance of Cr20 coating on microdimpled specimens. The integrated 
areas of the triangles are in the following order: P30 > P40 > P20. 
This implies a higher capacity of P30 for improving the macrotribo-
logical properties of Cr20 coating as demonstrated by the data.

Conclusion
We comprehensively discussed the effects of the properties of 
nanoscale interfaces including the growth mode of Cr nanolayers, 
quantity and origin of defects, and degree of intermixing on 
macrotribological properties of DLC/Cr periodic nanolayered coat-
ings. The characteristics of the nanointerfaces were tailored using 
our patented deposition technique by varying the Cr sputtering 
power (from 20 to 150 W) while maintaining a deposition time of 
4 s. An evident transition in the growth mode of Cr nanolayers from 
FM to SK was observed at 80 W. This phenomenon deteriorated the 
wear resistance of the coatings. Through the engineering and 
optimization of the nanointerfaces, a new class of coating with 
subnanometer-thick periodic albeit discrete interlayers for 
macrotribological applications was fabricated. This coating not 
only had all the features of classic multilayer coatings but also 
contained lower nanointerfacial defects. As a result, a lower COF 
and record-breaking wear rates at the macroscale under different 
sliding conditions (dry, lubricated, and lubricated + micropatterned) 
were achieved. According to the FE simulations, the Cr20 coating 
reduced the stress induced in the substrate during contact and 
sliding by ~25% and showed by ~16% lower stress compared to the 
DLC coating. We also report on the discovery of a dimensionless 
parameter (Ƙ) that is more comprehensive compared to those of 
classic criteria and can be used to effectively explain and predict the 
wear behavior of carbon-based nanolayered coatings. The results of 
this study strongly imply that growth of the coating materials 
according to the first stage of FM mode must be acknowledged as 
an additional criterion to construct the periodic nanolayered coatings 
for macrotribological applications. The findings in this paper open 

new windows with regard to the design concepts of nanolayered 
coatings for tribological applications by establishing important 
connections between the nanostructural characteristics and the 
macroscale properties.

MATERIALS AND METHODS
Deposition of nanolayered coatings
To improve the adhesion between coatings and substrates, the 
surface oxide layer on HSS (refer to text S1 for more information 
regarding the HSS substrate) was removed before coating deposi-
tion using argon (Ar) plasma treatment inside a load lock chamber 
for 20 min at 40 W. Cr as an adhesion layer was deposited onto the 
HSS substrates before DLC deposition. A sample holder moved the 
substrates alternatively beneath the graphite and Cr targets (99.99% 
purity). The deposition time was controlled using an automatic 
shutter, which moved alternatively with the sample holder. The 
DLC and Cr coatings were deposited using a pulsed DC (250 mA 
and 40 kHz) and automatic RF power, respectively. It should be 
noted that deposition of Cr at powers below 20 W was not possible 
owing to the instability of plasma discharge. The base pressure 
before deposition was 4 × 10−6 torr. The coatings were deposited in 
an Ar gas atmosphere (flow rate, 10 sccm). A fully automatic 
throttle valve controlled and maintained the working pressure at 
2 × 10−3 torr during the deposition.

Micro/nanostructure evaluation
The state of the nanostructure and chemical characteristics of the 
coatings were investigated using XRD (Cu source; wavelength of 
0.154 nm), LAXRD, (AR-) XPS, EDS, and Raman spectroscopy 
(laser wavelength = 532 nm). The nanostructure of the coatings 
was visualized using HR-TEM. The surface morphology and wear 
tracks were analyzed using laser confocal microscopy with a laser 
wavelength of 408 nm in the ultrahigh-precision mode. To assess the 
mechanical properties of the coatings, two series of nanoindentations 
were performed using a high-precision ultra-nanoindenter. The 
first series of indentations was performed using a standard diamond 
Berkovich tip to obtain the H and E of the coatings. The indentation 
load was set to 5 mN. To prevent the substrate effect, the maximum 
indentation depth was adjusted to be less than 10 to 15% of the total 
coating thickness. The second series of nanoindentations were 
performed using a spherical diamond tip (radius, 20 m) to assess 
the elastic/plastic behavior of the coatings and obtain their true 
stress–true strain curves to be used as input to FE simulations. 
The indentation load was varied from 5 to 50 mN. The average 
residual compressive stress of the coatings was quantified using 
Stoney’s equation (50). The curvature of the coatings required for 
stress calculations was obtained through scanning of the surfaces 
using a profilometer (tip diameter, 0.7 m).

Table 1. Characterization of P20, P30, and P40 specimens in terms of characteristics of the microdimples involved in the determination of the friction 
and wear behavior.  

Specimen Initial Ra (nm) N DB RAC RL HP

P20 170 ± 20 6 ∝6 ∝ N × D2 N × V/3 ∝ ~ 50% × N

P30 120 ± 10 5 ∝5 ∝N × D2 N × V ∝ N

P40 90 ± 10 2 ∝2 ∝N × D2 N × V ∝N
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Friction and wear tests
To assess the friction properties and wear resistance of the speci-
mens, a series of sliding tests were conducted using a custom-built 
reciprocating macrotribometer. The sliding tests were performed 
under both dry and lubricated conditions. A fully synthetic oil was 
used as the lubricant (viscosity, ~180 mPa·s at 25°C) and was 
delivered to the contact interface using a syringe injector before 
starting the sliding test to fully cover the contact region throughout 
the duration of the test. Steel balls (SS304) with a diameter of 5 mm 
were used as countersurfaces. The corresponding contact pressures 
generated under the normal loads of 5 and 10  N were  ~1.26 
and ~1.60 GPa, respectively, based on the Hertzian theory (56). The 
sliding speed and stroke were 8 mm/s and 2 mm, respectively. The 
humidity and room temperature were monitored throughout 
the sliding tests (55 ± 5% and 25° ± 3°C, respectively). Each sliding 
test was repeated at least three times. The amount of wear was quan-
tified in terms of the wear rate (mm3 N−1 mm−1) based on Archard’s 
equation (76). The wear area was obtained using laser confocal 
microscopy by averaging the profile at multiple cross sections.

FE simulations
To accurately simulate the behavior of the specimens under contact/
sliding condition, the data obtained from the experiments were 
incorporated into the modeling process, plastic properties (obtained 
from ultra-nanoindentations), friction coefficient (obtained from 
sliding tests), and the actual thickness of the coatings. The simula-
tions involved four main steps: (i) contact: the tip moved down 
toward the substrate surface until contact was established; (ii) 
relaxation: the contact depth was adjusted until the normal load 
was merged to the defined value of 10 N; (iii) sliding: the tip rubbed 
against the surface while maintaining the normal load of 10 N; and 
(iv) lift-off: the tip moved up and detached from the substrate surface.

Fabrication of microdimples
Dimple-shaped micropatterns with an average diameter (D) of 
10 m were fabricated on HSS substrates using an Ytterbium-doped 
pulsed nanosecond fiber laser (YLPM-1-4 × 200-20-20) with a 
wavelength of 1064 nm. An average output power of 200 mW was 
used. The scanning speeds were set to 0.4 (P20), 0.6 (P30), and 
0.8 m/s (P40) to obtain the intended pitch values. The above-
mentioned P values resulted in pattern densities of approximately 
20%, 10%, and 5% for P20, P30, and P40, respectively. It should be 
mentioned that the values for D and P were selected such that a 
sufficient number of dimples could fit inside the wear track.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk1224
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